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ABSTRACT—The atmospheric part of a pre-existing,
interacting atmosphere and ocean model has been simpli-
fied considerably to provide a 3-yr prediction of
intertropical convergence zone (ITCZ) behavior under the
influence of seasonally variable solar heating of the sea.
As before in shorter term experiments, a cold equatorial
surface appears and a single ITCZ develops north or
south of the Equator over the surface temperature
maximum in the warmer hemisphere. The ITCZ migrates

quickly between hemispheres, lagging only slightly behind
the seasonal reversal of the hemispheric surface tempera-
ture asymmetry. Such behavior is qualitatively in accord
with that of the updraft branch of the mean tropical
Hadley circulation in the real atmosphere. The lag of
maximum subequatorial sea-surface temperature behind
the overhead sun of late summer is computed to be Y
weeks, a reasonable value.

1. INTRODUCTION

A previous article by Pike (1971) has described the
results of a two-fluid, primitive-equation experiment in
which a simple, two-layer model of the upper tropical
ocean was combined with a relatively complex, 10-level
model of a zonally symmetric tropical atmosphere. The
main objective was prediction of a north-south profile of
sea-surface temperature and determination of the influence
of surface temperature on the atmospheric intertropical
convergence zone (ITCZ). Consideration of computational
economy restricted the numerical integration to only 88
days of model time. For such a limited period (compared
with 1 yr), the clear-sky solar insolation at the surface
was assumed to be constant in time; it was prescribed as
constant in latitude as well because of the model’s limited
north-south extent. '

In the above experiment, the surface temperature pro-
file, initially flat in the lower latitudes, developed a cold
Equator as a result of upwelling and vertical mixing of
colder water from below. A single ITCZ established itself
over the Equator, then migrated poleward as the Equator
cooled; the convergence zone remained single, showing
great stability despite the eventual double surface-
temperature maximum. The production of such a marked
hemispheric asymmetry despite symmetric initial condi-
tions and thermal forcing was ascribed to the action of
very small numerical perturbations in the pressure com-
putations or the inherent nature of the model ITCZ to
prefer a single mode. This preference was also shown to be
characteristic of the ITCZ in the real atmosphere.

It seemed desirable to integrate a similar two-fluid
model over a period of several years so that we could in-
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vestigate the degree of stability of the single off-equatorial
ITCZ under the influence of seasonally variable solar
heating of the sea. However, nearly 30 hr of Control
Data Corporation * (CDC) 6600 computer time would
have been required for a 1-yr prediction with the com-
bined atmosphere and ocean model as it originally was
constituted. Simplification was indicated for purposes of
economy, but the oceanic part was really as basic as could
safely be attempted in temperature prediction involving
dynamic factors. Only the atmospheric part was suitable
for reduction in complexity. The less complicated atmos-
phere model used in this experiment is discussed in section
2. It has only four atmospheric levels and handles fric-
tional and convective processes in a much simpler way
than was previously done. This model requires only about
1.5 hr on the CDC 6600 for a 1-yr prediction.

The oceanic part of the present model is almost identical
to that used in the previous computations, and only
an abbreviated reference is made to it in section 2. The
results of some 3-yr experiments with this model are
presented in section 3. Because overheating was evident
in these experiments, other, shorter ones were made to
demonstrate the control of surface temperature by ad-
justing such critical parameters as the surface drag
coefficient and the vertical atmospheric diffusivity; these
matters are also covered in section 3. A necessary com-
parison of these purely theoretical, computational find-
ings with actual observations in the atmosphere and ocean
by both conventional and satellite techniques appears in
section 4.

2. DESCRIPTION OF THE SIMPLE,
TWO-FLUID MODEL

The atmospheric part of the model is of a primitive-
equation type and is constructed in a meridional cross-

¢ Mention of a commercial product does not constitute an endorsement.



section with Cartesian coordinates perpendicular to a
beta plane. Its domain extends between latitudes 30°S
and 30°N and from sea level to the tropical tropopause
just above 16 km. The horizontal spacing of the finite-
difference grid is 2° of latitude, except next to the lateral
boundaries where it is 4°. Vertical grid levels are at 0 and
10 m and at 1.057, 5.870, and 16.535 km. Space differ-
encing is upstream for the advective terms but is centered
for all other terms such as the mass divergence and pres-
sure gradient; forward time differencing is used with a
step, At, of 30 min, the largest possible with reliable
computational stability.

Four predictive equations are used; they are the
familiar momentum equations for the two horizontal
velocity components, the first law of thermodynamics
for potential temperature, and an equation of continuity
for moisture. Vertical motion is computed from meridional
motion using a steady-state approximation of the equation
of mass continuity; the pressure field is obtained by
assuming hydrostatic equilibrium. Explicitly, we have:
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Here, = represents a northward-directed coordinate and
2z, the vertical coordinate, u and » are respectively the
northward and westward wind velocity components, and
w is the vertical velocity component. The Coriolis param-
eter, f,is zero on the Equator, varying linearly with z
according to a constant beta parameter of 2.19<10~1
em s7!. The latent heat of condensation for water is
denoted by L and g is the acceleration of gravity. Density,
p, is computed from initial data by

kml—x
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where p, is the standard reference pressure of 1000 mb, p is
variable pressure, 6 stands for potential temperature, R
is the specific gas constant for dry air, and « = R/,
where ¢, is the specific heat of dry air. Density is held
constant in time. Note that the effect of moisture on air
density has been neglected. This simplification may be
justified a posteriori by noting that all the ITCZs pre-
dicted by our model found stable locations over relatively
warm surface waters where a- maximum evaporative
moisture source was available. Logically then, inclusion
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of this effect would have reduced the air density in the
heart of the model ITCZ and probably increased its
intensity somewhat but would not have changed its
qualitative behavior.

F,, F, Fy, and F, are respectively the vertical turbulent
fluxes of specific momentum, sensible heat plus potential
energy in terms of potential temperature, and moisture
in terms of mixing ratio, g. We shall consider them to be
positive upward. At the surface these fluxes are computed
by the bulk transfer formula

F=(pCpU )10(86—310) (8)

where s may be either u, v, 6, or ¢. Up is the surface drag
coefficient and U is the total horizontal wind speed. The
subscripts 0 and 10 indicate values taken at the 0- and
10-m levels, respectively. In the interior of the model, an
austausch formula is used to compute these fluxes; that is,

ds
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where K, is the constant vertical diffusivity. At the top-
most model level, vertical fluxes are not computed, and
their vertical gradient terms in the predictive equations
are neglected.

Qc represents the condensation heat source associated
with atmospheric convection. We have modeled this very
important process in a manner similar to that of Yamasaki
(1968), assuming that convective latent heat release is
directly proportional to the mean upward moisture flux,
F, = p(w + |w])g/2. Convective heating in our model may
occur only at the 1.057- and 5.870-km levels, denoted
respectively by the subscripts b and a; Qc is always zero
elsewhere. Specifically,
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The mass per unit area between the level in question and
that next level above is given by pAz. The fraction of the
upward moisture flux through the lower level, subscript b,
assumed to condense between levels b and a is symbolized
by {.

The latent heat release from large-scale condensation
in the presence of supersaturation is given by @ where

L (po
Here, ¢, is the saturation specific humidity and At is the
computational time step. In conjunction with the first
term of the moisture sink equation [eq (13)], this heating
term provides for all moisture above the saturation amount
to be condensed and rained out. .

In any atmospheric model designed for integrations
over many weeks of physical time, a radiational heat
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sink, @z, is necessary. It may be expressed as

oY (O
= (5) (50),
where (07'/8t) is the local rate of change of temperature
from all radiational effects. This rate of change may
either be specified, say as a function of height only from
the data of Smagorinsky et al. (1965), or computed. See
section 3 for an example of such a computation.
An atmospheric moisture sink, S, accompanying the
condensation process is included in the moisture con-
tinuity equation. It is expressed by

(12)
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where s(z)=0 for z<0 and s(z)=1 for z>0. The
first term represents the falling out of moisture associated
with large-scale condensation heating, ¢z, and the second
term indicates that all moisture advected upward in the
presence of convectional heating, @, is removed from
the atmosphere. Note that liquid-water storage by clouds
is neglected in this model.

Specification of horizontal turbulent mixing by the
simplest method possible, using a constant horizontal
diffusivity, Kz, completes the model’s basic set of equations.

Determination of the vertical motion field requires
vertical integration of eq (5) from the surface, where
w==0 is assumed, to H, the top of the model. Level H is
about at the tropical tropopause; consequently, the
vertical motion is set to zero there too. This state is
realized by requiring the total meridional mass transport,

H
f pudz, to vanish everywhere; the final meridional
0

velocity component, %, is obtained from the computed
value, u,, by the correction equation

H
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The pressure field is obtained by downward integration
of eq (6) from the model top to the surface. The pressure
at the top, pg, a function of latitude and time, is com-
puted by noting that the height-averaged pressure,

u(2)=u,(2)— (14)
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where p; is the surface pressure. Substitution of eq (6),
the hydrostatic equation, into this expression yields
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Once p is known, py may be found by trial and error, using
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eq (15) to obtain a hydrostatically consistent p(z) profile
from z = 0 to 2 = H. The prerequisite calculation of the
E(x) field is based on eq (1), the meridional momentum
equation, rewritten in the form

Op_ _9pu

dox ot G

(16)
where G is defined by substitution of eq (16) into eq (1)
assuming negligible local density change. Averaging eq
(16) with respect to height, one obtains

= H —
the first right-hand-side term is seen to vanish because of
the condition of zero total meridional mass transport. To
have boundary conditions for p at latitude 30° in both
hemispheres, we differentiated this expression with re-
spect to  to yield
275 N
979 %, (17)
Note that eq (17) may be obtained in a more general way
from eq (16) by z-differentiation, substitution of the mass
continuity eq (5), height-averaging, and the assumption
that the vertical mass flux, pw, is constant in time at both
2z = 0 and 2 = H. This second-order equation is solved by
a Gauss elimination method described in Richtmyer and
Morton (1967, sec. 8.5). This method introduces the very
small, hemispherically asymmetric, numerical perturba-
tions mentioned in section 1. Numerical experiments have
verified the occurrence of these perturbations at the sixth
significant figure when the International Business M a-
chines (IBM) 360/65 computer is used.

The boundary conditions of this model are relatively
simple. On the lateral boundaries at latitudes 30°S and
30°N, u, v, 8, and ¢ are specified as functions of height and
time; the boundary pressure profile is computed at each
time step by assuming a fixed surface pressure and then
integrating upward hydrostatically to the top of the model.
Vertical motion is set to zero at these latitudes. At the
surface, all momentum components are assumed to
vanish, the potential temperature corresponds to the
temperature computed by the ocean model described be-
low, and the specific humidity is set to its saturation value.
On the top boundary, all the predictive equations [eq
(1)-(4)] are applied, but there is assumed to be no ver-
tical motion or vertical advection, no vertical flux gradi-
ents, no convective heating, and no corresponding mois-
ture sink at that level.

The oceanic part of the model is the same as that
described in Pike (1971, sec. 3) with the exception of the
computation of the surface momentum and heat fluxes, in
particular that of the incoming solar radiation. Equation
(8) is used to obtain the surface wind stress components
7oz a0d 7o, for the ocean model; that is,

70(z, ¥)=(pCpU ) 1o(%, ¥)10- (18a)

Likewise, the surface friction velocity, Usx, with respect to



water density is obtained from
172
U*=[<p(/;0)10] Uso

The net downward heat flux at the sea surface, S, is
obtained by the expression

(18b)
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where p, is the density of water, ¢ is its specific heat, T
is the sea-surface temperature, o is the Stefan-Boltzmann
constant, and Fy, and F, are respectively the surface
values of F3 and F, as computed by the atmosphere
model. The incoming short-wave solar radiation, R | , and
the net long-wave emissivity, ¢, are obtained as in Pike
(1971), eq (7) and (8); however, the average daily clear-
sky short~-wave radiation flux, B, and the cloudiness, n,
are computed as described below.

Seasonal variation of the surface solar heating is ac-
complished by letting R, vary with time and latitude
according to the approximate expression

Ry=R,, (72—" sin ¢ sin 6-+cos ¢ cos 6) (20)
where Ry ,=33.271X10"° J.cm~2s~! is the equatorial
equinoctial value of R, obtained from Budyko (1958).
The latitude is denoted by ¢, and the solar declination, §,
is computed by

5=23.45° sin 2 (ﬁ—”) (21)
v

where ¢, is a thermal lag time and ¢, is the length of 1 yr.
Using data from the atmosphere model, we have computed
n according to the formula

1 (¥/(q
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where

n=(g,—0.2)/0.6 if 0.2<¢,<0.8} .
n=1.0 if ¢,>0.8

This type of dependence of cloudiness on vertically aver-
aged relative humidity has been taken from Smagorinsky
(1960) with the critical values of 20 and 80 percent
estimated from his figure 1.

3. RESULTS OF THE LONG-TERM INTEGRATIONS

Ideally, a combined atmosphere and ocean model should
be computed over a period of physical time long enough
for it to reach statistical equilibrium in the ocean. How-
ever, this period is of the order of 100 yr (Manabe and
Bryan 1969), and the number of hours (nearly 150) of
CDC 6600 computer time needed for such an experiment
with our in-tandem model is impractically large. The use
of seasonally variable solar heating casts doubt on the

applicability of Manabe and Bryan’s procedure of march-
ing the ocean model forward many times faster than the
atmosphere model, effectively computing with a much
longer time scale in the ocean. We decided that the time
scale of interest in our experiments was the 1-yr period of
the heating cycle rather than the much longer thermal
relaxation time of the ocean. For our purposes, then,
adequate adjustment in the ocean would be signaled by
the occurrence of low-latitude 1-yr surface temperature
fluctuations at constant lag with respect to the solar
forcing.

Two 3-yr experiments were made with the new, simple,
and efficient interacting model; they differed only in the
initial and boundary conditions. In the atmosphere, two
sets of such conditions were established in which we used
the atmospheric climatological data of Kidson et al.
(1969). In one case, mean values of real Northern and
Southern Hemisphere zonally averaged data were used
in both model hemispheres and in the other case, each
real hemisphere’s data were used in the corresponding
model hemisphere. The former case may be called ini-
tially symmetric while the latter case was initially asym-
metric. Both sets of initial conditions represented annual
means in the interior and on the boundaries. Both sets of
lateral boundary conditions, at latitudes 30°N and 30°S,
consisted of variables fluctuating sinusoidally about their
annual means with a period of 1 yr and with amplitudes
according to climatology. In the sea, both the symmetric
and the asymmetric initial surface temperature profiles
were obtained from Wyrtki’s (1964) east-central Pacific
data at longitude 140°W modified to eliminate the observed
equatorial cool zone. In the 3-yr experiments, all the
oceanic predictive equations were applied at the lateral
boundaries, assuming zero gradients of the predicted
properties poleward of these boundaries.

In the atmosphere model, the initial pressure field was
obtained from the initial potential temperature field by
prescribing in all cases an initially hemispherically sym-
metric surface pressure profile
(mb)

24(z)=1015—5 cos (g) (23)

and then integrating eq (6) upward. The initial wind
field was computed from the resulting pressure field by
assuming the wind to be zonal, geostrophic, horizontal,
and nondivergent. On the Equator, the first z-derivative
of the geostrophic wind equation was used to obtain an
initially balanced wind that was proportional to the
second z-derivative of pressure. Initial specific humidities
were computed by assuming the initial relative humidity
to be a function of height only and to be equal to the
values given by Jordan (1958) for the annual mean tropical
atmosphere. In the oceanic model, the initial mixed-layer
depth and underlayer temperature profiles were given by
eq (13) and (14) of Pike (1971); the initial current was
obtained by using the same assumptions made for the
initial atmospheric winds.

The following values of the various adjustable atmos-
pheric constants were used in both 3-yr experiments;
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Ficure 1.—The 3-yr accumulated precipitation profiles for long-
term interacting experiments.

surface drag coeflicient, Cp=1.0X1073, vertical atmos-
pheric diffusivity K,=2X10* em?/s, moisture condensa-
tion fraction [=0.34 [i.e., Yamasaki’s (1968) value for
our vertical grid levels in a mean tropical atmosphere],
and horizontal atmospheric diffusivity Kz=10"° cm?/s
(from Murgatroyd 1969). The radiational cooling (07/0¢)
in eq (12) was taken as —0.45°C/day at the 0.010-, 1.057-,
and 5.870-km levels and zero elsewhere. This cooling rate
in the atmosphere model interior was chosen so that the
integrated atmospheric enthalpy [eq (24)] would be kept
nearly constant over a 2-week test run, but it proved to
be too slow in the longer term. The initial thermal lag
time, ¢,, was set at 8 weeks and ¢, was assumed to be 52
weeks. In the ocean model, the horizontal mixing coeffi-
cient, k,, was 0.80 as in our earlier work.

Very similar results were obtained from the initially
symmetric case and the initially asymmetric case. Figure 1
shows the superimposed 3-yr accumulated precipitation
profiles for both cases. We find little difference between
them except for minor variations that may be ascribed
mostly to numerical errors. Note the two well-defined
precipitation peaks at latitudes 6°N and 8°S separated by
a well-marked equatorial minimum. These two maxima
and the minimum are intimately associated with, respec-
tively, the warm subequatorial and the cold equatorial
sea-surface temperatures that all our interacting model
experiments predict.

Because of the basic similarity between the two 3-yr
cases, further discussion will be limited to the initially
symmetric experiment. It is apparent that hemispheric
asymmetries in the real atmosphere are essentially three
dimensional, with the different distributions of land and
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Ficure 2.—Seasonal variation of maximum subequatorial surface
temperature in both hemispheres for the initially symmetric
experiment.

sea influencing the different atmospheric eddy character-
istics of the two hemispheres that in turn influence the
different zonal mean structures (Dickinson 1971). The
relative simplicity of our model, restricted as it is to
meridional plane dynamics with no zonal-meridional eddy
correlations, suggests that its results be presented at
least as much in their own right as in comparison with the
real atmosphere.

The quasi-symmetrical rainfall profiles of figure 1
should mot be interpreted as being produced by a double
ITCZ of approximately equal strength in both hemispheres
at any one time. Instead, the double precipitation peak
has been caused by a single ITCZ that establishes itself
over the surface temperature maximum in the warmer
hemisphere and migrates quickly across the cool Equator
into the opposite hemisphere whenever the progression of
the seasons causes the hemispheric thermal asymmetry
to reverse. Figure 2 shows the maximum surface tempera-
ture in the subequatorial warm zone (latitude 5°-10°) of
each hemisphere as a function of time. Note that the
seasonal variation becomes very clear and that the two
hemispheres are nicely out of phase. The lag of each
hemisphere’s maximum subequatorial temperature behind
the corresponding summer solstice is computed to be
20 weeks. The overhead sun of late summer occurs at
these latitudes about 11 weeks after this solstice; therefore,
the oceanic thermal lag behind the maximum solar heating
of late summer is about 9 weeks, or 2 mo—a reasonable
value. Apparently, the relatively small decrease of solar
heating that follows the overhead sun of early spring is
not sufficient to force a double maximum in the annual
variation of the low-latitude sea-surface temperature.
The ocean’s large thermal lag tends to smooth the tem-
perature versus time curve to show only one maximum
each year, at least in our model.

Unfortunately, there are no accurate long-term obser-
vations of the progression of sea-surface temperature with
time in very low latitudes to definitely confirm these
particular lag characteristics. However, the data of
Wyrtki (1964) for the eastern Pacific do suggest a hemi-
spherically averaged surface thermal lag behind the second
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Ficure 3.—Surface temperature and precipitation profiles for two
cases 1/2 yr apart.

overhead sun of between 1 and 2 mo at these latitudes.
The observed Southern Hemisphere lag seems to be
larger than that in the Northern Hemisphere, in agreement
with the lesser continental influence there. In both hem-
ispheres, only one sea temperature maximum per year is
observed, in agreement with the model results.

Note that the computed surface temperatures in this
3-yr experiment rise to about 5°C above the initial,
climatological value. Some possible reasons for such ex-
cessive warming will be discussed later in this section.

The dependence of the location of our model’s single
ITCZ upon the nature of the surface temperature profile
is graphically illustrated in figure 3. Recall from figure 2
that the Northern and Southern Hemisphere surface
temperatures were last passing through maxima at re-
spectively the 130th and 156th week, 1/2 yr apart. In
figure 3, the temperature and precipitation profiles for
these two periods are shown; in each case, the ITCZ is
single and is located over the surface temperature maxi-
mum in the warmer hemisphere. These two cases are
practically mirror images of each other. One may easily
imagine how the quasi-symmetric rainfall profiles of
figure 1 have been generated by the single ITCZ alternat-
ing between hemispheres according to which is warmer.

Whenever the hemispheric temperature asymmetry
reverses, as at the 140th week (fig. 2), the model ITCZ
shifts from one hemisphere to the other with only a minor
lag. Figure 4 illustrates this process with four successive
precipitation profiles. At the 138th week, the Northern
Hemisphere is still definitely the warmer; its single ITCZ
at Jatitude 6°N is well marked. A very weak convergence
zone is indicated at latitude 10°S. Three weeks later, the
Southern Hemisphere has become just a little warmer
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Ficure 4.—Precipitation profiles illustrating ITCZ transition
between hemispheres.
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Ficure 5.—Integrated precipitation (10° cm?) and moisture (1013
J/em) variations during ITCZ transition between hemispheres.

than the Northern Hemisphere; at this time, the ITCZ
has taken on a transitory double structure with the old
northern convergence zone approaching the Equator and
weakening over the relatively cold water while a new,
southern convergence zone is developing at latitude 8°S.
By the 142d week, the ITCZ is again single, though still
in a somewhat depressed state, and has clearly moved
across the Equator into the warmer Southern Hemisphere.
Two weeks later, equatorial rainfall has ended, and a
single, reinvigorated ITCZ is well established at latitude
8°S.

The reduction in IT'CZ precipitation during the period
of transition between hemispheres is significant; the total
rainfall rate, proportional to the scaled area beneath the
precipitation curves of our figures, passes through a mini-
mum at the 141st week that is fully 26 percent less than
the mean rate of the 130th and 156th weeks (fig. 5). Re-
call that, during these 2 weeks, the hemispheric thermal
asymmetry was most pronounced and the ITCZ was well
developed. One physical reason for this-temporary reduc-
tion is clear; during its transition across the Equator, the
ITCZ passes over the cooler equatorial water and is ex-
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posed to a reduced moisture source. This ITCZ weaken-
ing over the Equator may be related to the lack of
boundary layer pumping there as supposed by Charney
(1969). But, it is easy to visualize low-level convergence
at the Equator, even under a uniform easterly flow aloft,
as a result of the opposite directions of frictional turning
in the two hemispheres. We note that Charney’s simplified
momentum equations are not strictly valid directly on the
Equator and that our primitive-equation computations do
not show anything like a complete collapse of the ITCZ
when it moves over the Equator. Also recall that case I
of section 2 of Pike (1971) showed an active, stable ITCZ
directly over the Equator when there was no significant
surface temperature depression there. Although the moist
ITCZs of Bates (1970) did form away from the Equator
with no such depression, his assumption of no available
equatorial moisture [his eq (24)] excluded a moist ITCZ
there a priori. Bates’ dry ITCZ developed on the Equa-
tor. See Pike and Bates (1971) for more detail.

One would expect. that, whenever the ITCZ is precipi-
tating less, the total moisture stored in the tropical atmos-
phere might be increased because of the reduced con-
densation sink. To & relatively small extent, this situation
does happen in our model. At 141 weeks when the ITCZ
is weakest, the total moisture integrated over the whole
model cross-section passes through a maximum that is 5
percent greater than the average of the minima achieved
at 126 and 152 weeks. Because this maximum occurs 6
weeks after a solstice, at midwinter in one hemisphere
and midsummer in the other, the increase in stored mois-
ture just might supply extra available potential energy for
extratropical storm development in the higher latitudes
of the winter hemisphere and for tropical storm develop-
ment in the subtropical latitudes of the summer hemi-
sphere. Such three-dimensional phenomena cannot, of
course, appear in these experiments.

However, nothing analogous to the “equinoctial
storms’ effect discussed and modeled by Kraus and
Lorenz (1966) was noted in our calculations. As presented
in their article, the regular, smooth, early autumnal in-
crease in observed atmospheric zonal available potential
energy was climaxed by the development of storminess.
The broad wintertime peak in this potential energy was
therefore very jagged; frequent baroclinic developments
were intermittently reducing the stored energy. In our
long-term experiments, however, the peak in stored
atmospheric moisture coinciding with the temporary
weakening of the ITCZ over cool equatorial waters was
narrow but quite smooth with no apparent indication of
jaggedness from brief bursts of ITCZ activity (fig. 5).
Note also in this figure that ITCZ strength, as measured
by the integrated precipitation, varied inversely with the
stored moisture and in an equally smooth manner. The
recovery of ITCZ activity after the ITCZ crossed the
Equator was not significantly more rapid than was its
earlier decline. A likely explanation for this smoothness is
the rapidity with which the model ITCZ shifts between
hemispheres; the stored moisture has an opportunity to
increase only a few percent above its minimum value in
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contrast to the tripling of observed zonal available po-
tential energy discussed by Kraus and Lorenz.

Probably the most disappointing aspect of the 3-yr
experiments discussed above is the excessive warming of
the sea surface and the resulting overheating of
the atmosphere. Several shorter term computations with
the simplified interacting model have been carried out in
an attempt to remedy this problem. Because the oceanic
heat balance in the upper layer of the model is composed
primarily of incoming solar radiation and outgoing latent
and sensible heat, we decided to modify the adjustable
parts of the model involved with these processes.

The solar heating in our model is very sensitive to the
computed cloudiness, a function of the vertically averaged
relative humidity that in turn is partially dependent on
the net radiative cooling. Because the arbitrary speci-
fication of the vertical radiative cooling profile used in the
3-yr experiments was not particularly satisfying, it was
decided that the modeling of this persistent effect should
play the role of a negative feedback, which ought to help
stabilize the model thermasally. It seemed reasonable to
assume that, if H,(t) represents the total integrated en-
thalpy over the entire atmospheric cross-section of the
model at time ¢ according to

H.(t)= f ﬁ e, T(t)dzdz, (24)

then H.(f) should be set equal to H.(0) at all times be-
cause the cross section is equally divided between hemis-
pheres and one would expect its heat content to be
very nearly conserved. If the radiational effect is given
as a function of height by

(%0 =Tws(a),

then the integral in eq (24) may be conserved by letting
HO)—H()
T30 H

at [ [ poufieyieds
z-30 J O

The vertical shape function, f(2), has been specified as
0.0, 0.5, 0.8, 1.0, and 0.0 from the surface upward through
the atmospheric model’s vertical grid levels to the tropical
tropopause. This profile is in agreement with the nature of
the net radiative cooling as a function of height given for
latitude 15° by Smagorinsky et al. (1965, p. 746). Equa-
tions (24)—(26) have been used in all our more recent
model calculations with the maximum cooling 7'z, being
calculated at approximately —1.0°C/day, & reasonable
amount.

Modification of the surface evaporative and sensible
heat fluxes may clearly be achieved by changing the
surface drag coefficient, Cp, in eq (8). These fluxes should
be augmented by increasing Cp if surface cooling is the
objective. Such an increase may also require a larger
vertical turbulent diffusivity, K., to avoid trapping mois-
ture in the surface boundary layer. The sea-surface
temperature profiles of figure 6 illustrate how sensitive

(25)
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FiGure 6.—Sea-surface temperature (°C) profiles illustrating the
importance of vertical exchange coefficients.

this variable is to the adjustable coefficients of the vertical
exchange processes. Three short-term experiments (each
26 weeks of model time), were made to produce these
profiles. Although the case with Op=1.5X10"% and K,=
10° cm?/s may seem the coolest and the most realistic,
these relatively low temperatures were partly influenced
by excessive moistening of the middle atmosphere and
the resultant prediction of increased cloudiness and re-
duced surface solar insolation caused by the large vertical
diffusivity. This case also exhibited surface air tempera-
tures higher than those of the sea surface; sensible heat
was being diffused downward too vigorously. More
satisfactory is the case with the same drag coefficient as
above but with K,=33X10* cm?/s. In this instance, the only
problem was with moisture saturation at the 1.057-km
level.

That such an important variable as the sea-surface
temperature should be quite sensitive to the exact
values chosen for the adjustable coefficients Cp and X, is
somewhat annoying. One must recall, however, that in a
fully interacting model such as ours, the surface heat
fluxes play a primary role in determining this tempera-
ture and that the above coefficients influence these fluxes
as described in the previous two paragraphs. Inspection
of figure 6 clearly reveals, however, that only the prevail-
ing temperature level is affected by these coefficients; the
shape of the temperature profile appears to be nearly
independent of them.

One might be concerned that the persistent warming
trend shown in figure 2 would incorrectly influence the
effect of one season on the next. Note in this same figure,
however, that the lag characteristics of the surface tem-
perature become constant after the first solar heating
cycle. This lag stability indicates that the computed
seasonal variations have real meaning.

The surface current components and mixed layer depth
predicted by the oceanic portion of our long-term com-

putations have not been illustrated in this section; their
profiles are qualitatively similar to those obtained in the
short-term interaction experiment discussed in section 4
of Pike (1971). Persistent deepening of the mixed layer
continued to be present in the 3-yr experiment. In an
effort to control this problem as well as to have more
realistic sea temperatures at the model’s edges, the lateral
boundary conditions in the sea have been changed to
specification, rather than prediction, of the ocean current
components, temperature, and mixed layer depth at lati-
tudes 30°S and 30°N. Fixing the mixed layer depth at
these points should allow the lateral diffusion term in the
oceanic mass-continuity equation [eq (4) of Pike 1971] to
operate more effectively in preventing excessive deepening.
Recent experiments are encouraging in this respect.

4. COMPARISON OF RESULTS WITH SATELLITE
AND CONVENTIONAL OBSERVATIONS

There have been some problems in comparing the de-
tailed behavior of the ITCZ precipitation in our long-term
experiments with satellite observations of the seasonal
variation of ITCZ cloudiness in the real atmosphere.
Sadler’s (1969) zonally averaged cloud data indicate that,
during the Northern Hemisphere summer, a pronounced
single-cloudiness maximum is located at latitude 6°N with
no sign of any secondary maximum in the tropical South-
ern Hemisphere. This situation happens to be in good qual-
itative agreement with the prevailing ITCZ structure in
the model. However, during the Southern Hemisphere
summer, the expected cloudiness maximum at latitude
8°S is accompanied by a maximum in the Northern Hemi-
sphere, slightly closer to the Equator. This winter hemi-
sphere maximum is less distinet than the one in summer
but, in combination with the Southern Hemisphere
feature, still suggests a smeared double ITCZ of a type
never present in the computations. Some conventional
observations of the mean meridional circulation, to be
discussed later, indicate that the winter tropical cloudiness
of the Northern Hemisphere is probably associated, on the
zonal average, with less upward air motion and, therefore,
with less rainfall, than is its Southern Hemisphere sum-
mer companion.

Another interesting paper by Sadler (1970) uses satellite
photography to study the transitional period when ITCZ
cloudiness is increasing in one hemisphere and decreasing
in the other. In that study, the observed changes in
monthly mean cloudiness from one month to the next
during this period are greatest at the off-equatorial
latitudes where the ITCZ has been or will become well
formed in an approximately steady state. Intermonthly
mean cloudiness changes at the Equator seem to be
relatively minor. Sadler reasons from these observations
that the ITCZ declines in one hemisphere while re-forming
in the other without any cross-equatorial migration. Our
model, on the other hand, does indicate a migration,
occurring over a period of about 1 mo (fig. 4). The ap-
parent discrepancy between these results may be resolved
by noting that our experimental ITCZ weakens markedly
while it is crossing the Equator so that the magnitudes of
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rainfall rate or cloudiness changes at the Equator are
less than at subequatorial latitudes. Also note that during
interhemispheric migration, changes in ITCZ properties
would be monotonic sufficiently far from the Equator,
while at and near the Equator these properties would pass
through extrema making their net changes relatively
small over a sufficient lapse of time. We suspect that
Sadler’s averaging period may be too long to observe this
kind of migration. With the aid of daily satellite pictures,
Johnson (1969) observed frequent ITCZ movement across
the Equator in the Indian Ocean region.

It is much easier to compare the results of our long-
term model computations with conventionally derived
observations of the mean meridional circulation of the
Tropics (e.g., Kidson et al. 1969, Oort and Rasmusson
1970) than with any satellite cloud data. Kidson’s tables
and diagrams clearly show that the upward branch of the
direct tropical Hadley cell is centered at about latitude
10°N during the Northern Hemisphere summer and at
about latitude 5°S during the Southern Hemisphere
summer. At these latitudes during winter, the mean
vertical motion is very small, equivalent to that near a
Hadley cell center in fact. Kidson et al. does not present
observations for the transition seasons, but the data of
Oort and Rasmusson show a very smooth migration of the
tropical mean updraft across the Equator during these
periods. One notable difference between our experiments
and the observed seasonal Hadley circulation is that in
the former the width of the precipitation zone in each
hemisphere is only about 10° of latitude while in the latter
the updraft width is almost twice as great. This relative
broadening is surely a result of the process of zonal averag-
ing in the presence of the variation of land-sea distribu-
tion with longitude. In any event, our model does seem to
approximate the seasonal behavior of the real tropical
Hadley circulation fairly well with respect to location
and structure. One would expect better results in this
respect than those obtained when dealing with the actual
three-dimensional ITCZ because of our two-dimensional
dynamics.

The seasonal migration of this model’s ITCZ is clearly
related to the seasonal progress of its surface temperature.
The same type of association is surely present in the
real atmosphere. However, since the model’s surface is
purely oceanic while the earth’s is partly continental,
the lag characteristics (with respect to the solar heating)
of the surface temperature and of the ITCZ will be differ-
ent in the two cases. The real 1TCZ rainfall is greatest
over Africa, South Asia, and the adjacent islands (Dickin-
son 1971). Therefore, the lag behind the equinoxes of
the migration of the mean tropical rain belt across the
meteorological Equator is probably no more than 8 weeks,
as confirmed by the vertical motion data of Oort and
Rasmusson (1970). Over the real oceans, the lag of the
local ITCZ is somewhat greater. For example, if one
assumes that the oceanic ITCZ crosses the meteorological
Equator at times halfway between the well-known North-
ern and Southern Hemispheric tropical storm activity
peaks in September and March, respectively, the lag is
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about one season or 13 weeks. In our model, however, the
tropical rainbelt is computed to cross the Equator, which
in this case is meteorological as well as geographic, fully
20 weeks after each equinox (figs. 2 and 4). One should
bear in mind that atmospheric circulations over the real
oceans are not at all independent of those over the con-
tinents. Thus, even the oceanic ITCZ lag on earth should
be expected to be less than that on a completely oceanic
globe because of the relatively small surface-layer heat
capacity on the continents. The 20-week lag seems to be
physically realistic for our kind of model surface; it may be
considered as the seven weeks’ lag between the equinox
and the maximum ocean temperature plus the mandatory
one season’s lag between the maximum and median ocean
temperatures. Because the maximum model surface
temperatures occur between latitudes 5° and 10° in space,
they lag the overhead sun of late summer by about
2 mo in time,

It has been suggested that, since interhemispheric
shifting of the real ITCZ is very seldom observed over the
oceans except in the Indian Ocean region, such migration
should not occur in a purely oceanic model like this one.
The real oceans, however, are bounded by continents.
The ITCZ’s behavior over an unbounded ocean would
probably not be similar to that over an ocean where fluid
motions are subject to even subtle continental influences.

5. SUMMARY

Numerical integration of a combined atmosphere and
ocean model over a period of several years seemed desir-
able for investigation of the degree of stability of the
single off-equatorial ITCZ obtained in previous two-fluid
experiments under the influence of seasonally variable
solar heating of the sea. The atmospheric part of the
original interacting model was simplified to such an
extent that a 3-yr combined integration could be accom-
plished in about 4.5 hr of CDC 6600 computer time.

As before, a cold equatorial surface developed while a
single ITCZ formed and soon found a stable location
away from the Equator over the surface temperature
maximum of the warmer hemisphere. The model 1TCZ,
in a temporarily weakened state, migrated quickly
between hemispheres, with a lag of less than 2 weeks,
whenever the progress of the seasons caused the hemi-
spheric surface temperature asymmetry to reverse; that
is, every half year. This behavior is qualitatively in accord
with that of the updraft branch of the mean tropical
Hadley circulation in the real atmosphere. The lag of the
computed interhemispheric migration behind the solar
equinox was 20 weeks, much longer than that of the
observed mean tropical rainbelt, because of the lack of
continents in our model. However, the lag of the maximum
subequatorial sea-surface temperature behind the over-
head sun of late summer was computed at 2 mo, a reason-
able value for an ocean free of continental influences. These
long-term experiments reinforced earlier results indicating
that a single ITCZ is the preferred mode in our kind of
model; this mode appears to be more common than any
other in the real atmosphere as well.
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